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we	 quantified	 the	 relative	 importance	 of	 biocontrol	 and	 crop	 raiding	 on	 yield,	
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1  | INTRODUC TION
Nature	provides	well	known	ecosystem	services	(ES)	as	well	as	dis-
services	 (EDS).	 The	 interaction	 of	 the	 two	 is	 however	 less	 under-
stood.	To	make	optimal	use	of	ES	and	minimize	the	negative	effects	
of	EDS,	further	research	into	management	strategies	to	enhance	ES	
and	 to	 limit	or	even	prevent	EDS	are	necessary	 (Vaz	et	 al.,	 2017).	
In	agriculture	both	can	have	important	economic	impacts.	Bennett,	
Peterson,	 and	 Gordon	 (2009)	 call	 for	 a	 better	 understanding	 of	
the	 relationship	of	different	ES,	not	 considering	 the	potential	 role	
of	EDS,	while	Saunders,	Peisley,	Rader,	 and	Luck	 (2016)	 recognize	










ages	 (Naughton-Treves	et	al.,	1998),	 their	 impact	can	be	especially	
high.	 It	 is	 believed	 that	 almost	 all	 primate	 species	 engage	 in	 crop	
raiding,	 but	 old	 world	 monkeys	 (Cercopithecidae)	 are	 particularly	
known	crop	 raiders,	due	 to	 their	opportunistic	 foraging	behaviour	
(Lee	 &	 Priston,	 2005).	 Damage	 by	 primates	 is	 related	 to	 vicinity	
to	 forests	 and	 decreases	with	 increasing	 distance	 to	 forest	 edges	
(Ango,	Börjeson,	&	Senbeta,	2017;	Lemessa,	Hylander,	&	Hambäck,	
2013;	Saj	et	al.,	2001;	Wallace	&	Hill,	2012).
Flying	 vertebrates,	 such	 as	 bats	 and	 birds,	 are	 well	 known	








ha/year	 or	 up	 to	 47%	 of	 the	 value	 of	 annual	 production	 (Taylor,	








































2  | MATERIAL S AND METHODS
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flowering	and	flowering	as	well	as	nut	development	takes	place	on	
racemes,	where	flowers	are	born	in	numbers	of	100–300	along	an	
axis	 (Trueman,	 2013).	 Main	 insect	 pests	 are	 several	 Heteroptera	
species,	 namely	 the	 two-spotted	 stink	 bug	 Bathycoelia distincta,	
the	 green	 vegetable	 bug	 Nezara viridula,	 the	 yellow	 edged	 stink	
bug	Chinavia pallidoconspersa	and	the	coconut	bug Pseudotheraptus 
wayi,	as	well	as	two	Lepidopteran	species,	the	macadamia	nut	borer	
Cryptophlebia batracopha	and	the	false	coddling	moth	Thaumatotibia 














seem	 to	 be	 linked	 to	 pest	 insect	 abundances	 (Taylor,	 Monadjem,	
&	 Steyn,	 2013;	Weier,	 Grass,	 Linden,	 Tscharntke,	 &	 Taylor,	 2018).	
Common	 insectivorous	 birds	 in	 the	 study	 region	 amongst	 others	
are	 the	 Black-backed	 Puffback	Dryoscopus cubla,	 Cape	White-eye	




also	 foraging	 in	macadamia	orchards.	 Studies	 of	 bird	 species	 rich-
ness	and	activity	in	macadamia	orchards	in	South	Africa	are	lacking,	
















vet	 monkey.	 A	 survey	 by	 the	 South	 African	 Macadamia	 Growers	
Association	on	problem	animals	showed	that	monkeys	seem	to	be	
causing	higher	damages	than	baboons	(Southern	African	Macadamia	
Growers’	 Association,	 unpublished	 data).	 Communications	 with	
farmers	confirmed	this	result	and	identified	vervet	monkeys	as	the	




the	mountain	 and	were	 absent	 from	our	 study	 sites.	Vervet	mon-
keys	are	reported	a	crop	pest	in	almost	their	entire	range	(Healy	&	
Nijman,	2014).	Vervets	are	widely	distributed	throughout	Africa	and	



























scapes	 included	 continuous	 crops	 of	macadamias	 or	 other	 orchards	





















net	 that	would	 allow	 for	 arthropods	or	 small	 animals	but	 excluded	
flying	vertebrates,	monkeys	and	large	herbivores	(see	Appendix	S1).	
















tured	and	are	 then	harvested	off	 the	ground	 (Nagao	et	 al.,	 1992).	
To	 isolate	 the	 effect	 of	 vervet	monkeys,	which	 feed	 on	 immature	
nuts	off	 the	tree,	 from	that	of	other	animals,	which	feed	on	fallen	
nuts,	we	applied	an	indirect	yield	measure	by	counting	and	monitor-
ing	nut	 sets	on	 the	 trees.	 In	 the	season	of	2016/2017	we	marked	
50	racemes	on	each	 tree	early	 in	 the	season,	counted	all	nuts	per	
raceme	and	monitored	the	number	per	racemes	until	the	nuts	had	
completely	matured.	This	resulted	in	a	final	average	nuts/50	raceme	
count	 prior	 to	 harvest.	Nut	 set	 (final	 number	 of	 nuts	 per	 raceme)	
was	analysed	using	generalized	linear	mixed	models	 (GLMM,	bino-
mial	error	structure),	with	treatment	and	 landscape	as	fixed	factor	





Macadamia	 nuts	 were	 collected	 from	 within	 each	 experimental	






racemes) Yield (kg/ha) UKR (%)
Income 
(USD/ha)
Human-modified Full 43.93 862.76 6.9 3,154.42
Night 77.88 1,529.52 6.45 5,719.96
Day 59.26 1,163.83 7.13 4,204.78
Control 107.06 2,102.60 5.74 8,141.57
Natural Full 35.27 1,303.97 6.28 4,917.84
Night 6.67 246.60 5.36 972.34
Day 62.94 2,326.96 6.29 8,771.63
Control 46.33 1,712.87 4.04 7,175.66


















to	 the	percentage	unsound	kernel	within	 the	 total	 in-shell	 sample.	
All	statistical	analyses	were	performed	in	r	(v.	3.5,	R	Foundation	for	
Statistical	 Computing,	 Vienna,	 Austria)	 using	 packages	 “lme4”	 ver-








Since	 monkeys	 were	 absent	 from	 the	 human-modified	 landscape	
settings,	the	observed	treatment	effects	were	solely	due	to	the	ex-
clusion	of	bats	and	birds,	while	effects	at	the	natural	setting	included	
the	 impacts	of	 crop	 raids	by	monkeys.	Monkeys	 furthermore	only	
affected	the	yield,	but	not	the	quality	of	nuts.
3.1 | Yield
Final	nut	 set	was	generally	 lower	 in	 the	natural	 landscape	 setting	
than	in	the	human-modified	landscape	(p	<	0.001)	and	significantly	
influenced	by	the	interaction	(p	<	0.001)	of	treatment	and	landscape	
(Table	S1).	Yield	was	19%	 lower	 in	 the	natural	 control	 than	 in	 the	
human-modified	control	(based	on	values	in	Table	1).	In	the	human-
modified	 landscape	 setting,	 full	 and	 day	 treatments	 resulted	 in	 a	






Landscape Treatment Estimate SE z‐value p‐value
Nut	set:	Fit:	glmer	(formula	=	Nuts/raceme	~	Treatment	+	(1|Farm),	family	=	“binomial”)
Human-modified Day–Control −0.47 0.65 −7.24 <0.001
Full–Control −0.69 0.07 −9.78 <0.001
Night–Control −0.17 0.06 −2.66 0.39
Full–Day −0.23 0.07 −3.13 0.0095
Night–Day 0.30 0.66 4.50 <0.001
Night–Full 0.52 0.71 7.32 <0.001
Natural Day–Control 0.32 0.07 4.35 <1e−04
Full–Control −0.08 0.08 −0.94 0.77
Night–Control −0.83 0.17 −5.03 <1e−04
Full–Day −0.40 0.08 −4.98 <1e−04
Night–Day −1.15 0.16 −7.18 <1e−04
Night–Full −0.76 0.17 −4.55 <1e−04
Nut	quality:	Fit:	glmer	(formula	=	Unsound/total	~	Treatment	+	(1|Farm),	family	=	“binomial”)
Human-modified Day–Control 0.23 0.04 6.60 <0.001
Full–Control 0.20 0.03 5.94 <0.001
Night–Control 0.12 0.04 3.44 0.0023
Full–Day −0.04 0.03 −1.06 0.291
Night–Day −0.11 0.04 −2.10 0.0082
Night–Full −0.07 0.03 −2.14 0.0651
Natural Day–Control 0.47 0.04 10.74 <0.001
Full–Control 0.46 0.05 9.66 <0.001
Night–Control 0.30 0.05 6.04 <0.001
Full–Day −0.001 0.05 −0.03 0.98
Night–Day −0.17 0.05 −3.62 0.0009
Night–Full −0.17 0.05 −3.20 0.003
TA B L E  2  Tukey	post	hoc	test	results	
of	nut	set	and	quality	effects	separate	for	
landscape	settings
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In	 the	 natural	 landscape	 setting,	 where	 monkeys	 were	 pres-




























the	 full	 exclosure	 resulted	 in	 an	 income	 loss	 of	USD	2,257.83/ha.	
While	the	yield	differences	between	full	and	control	were	not	sig-
nificant,	it	still	showed	a	negative	trend	where	all	vertebrates	were	





etation.	The	exclusion	of	bats	 and	birds	 led	 to	a	decrease	 in	yield	
as	well	as	quality	in	both	landscape	settings,	while	the	exclusion	of	
monkeys	only	resulted	in	yield	gains	close	to	natural	vegetation.	In	
































In	 the	 natural	 landscape	 setting	 effects	 by	 monkeys	 greatly	










crop	 raiding	 by	monkeys	 is	 limited	 to	 the	 vicinity	 of	 forest	 edges.	










Since	 yield	 had	 a	 stronger	 impact	 on	 income	 calculations	 than	
had	 quality,	 profit	 differences	 roughly	 follow	 the	 pattern	 we	 ob-
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cost	model	to	be	up	to	USD	139/ha	for	direct	avoided	costs.	This	is	
considerably	 lower	than	our	estimations,	even	when	just	consider-





one	 pest,	while	 our	 exclusion	 experiments	 captured	 the	 effect	 of	










support	ES,	 there	 is	potential	 for	disadvantages	through	EDS.	The	
extent	to	which	ES	outweighed	EDS	in	this	scenario	gives	hope	and	
confidence	 that	 this	 will	 not	 compromise	 conservation	 efforts.	 It	









(Tscharntke	 et	 al.,	 2016).	 Studies	 looking	 into	 possible	 mitigation	





one	 compromises	 the	 beneficial	 ES	 stemming	 from	 natural	 land-









Buba,	 &	 Ross,	 2007),	 which	 can,	 similar	 to	 the	 exposure	 of	 scare	
crows,	also	affect	birds	and	their	willingness	to	feed	in	the	orchards.	
Education	is	therefore	one	of	the	most	important	tools	in	protecting	













outweighed,	 by	monkeys	when	 natural	 vegetation	 is	 close.	While	




by	monkeys.	 Remaining	 patches	 of	 natural	 vegetation,	 harbouring	
both	ES	and	EDS,	can	therefore	still	be	viewed	as	highly	beneficial	
to	agriculture.	Since	crop	 raiding	effects	are	more	visible,	 it	 is	 still	
of	high	importance	to	research	effective	monkey	mitigation	strate-










ing	 natural	 bush	 and	 erecting	 low	budget	 artificial	 roost	 and	 nest	
sites,	 these	 farmers	 can	 play	 an	 important	 role	 in	 species	 conser-
vation,	 as	 it	 is	 a	 serious	 and	 affordable	 alternative	 to	 significantly	
increase	your	profits	as	a	farmer.
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